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1. INTRODUCTION {#cas14256-sec-0001}
===============

Lung cancer is one of the most common malignancies and a leading cause of cancer‐related death worldwide.[1](#cas14256-bib-0001){ref-type="ref"} Among all lung cancers, approximately 85% are non‐small cell lung cancer (NSCLC), for which morbidity is significantly higher than for small cell lung cancer.[2](#cas14256-bib-0002){ref-type="ref"} In the past decade, targeted therapy, immunotherapy, and similar approaches rapidly developed to become the new treatment modalities for NSCLC. Despite recent developments and improvements in diagnosis and treatment, prospects for patients with NSCLC are dismal and the 5‐year overall survival rate is only 15%‐18%.[3](#cas14256-bib-0003){ref-type="ref"}, [4](#cas14256-bib-0004){ref-type="ref"} Rapid growth and metastasis are basic biological characteristics of malignant tumors, including NSCLC.[5](#cas14256-bib-0005){ref-type="ref"} It is well known that angiogenesis plays a key role in cancer growth and metastasis. Anti‐angiogenesis treatment has evolved to achieve encouraging results, but despite the widespread application of anti‐angiogenic drugs, they have not attained satisfactory efficacy.[6](#cas14256-bib-0006){ref-type="ref"}, [7](#cas14256-bib-0007){ref-type="ref"}, [8](#cas14256-bib-0008){ref-type="ref"} This means that alternative nutrient supply channels support tumor growth.

Vasculogenic mimicry (VM) is defined as formation of vascular‐like structures lined with tumor cells without the presence of endothelial cells.[9](#cas14256-bib-0009){ref-type="ref"} VM has been found in a variety of invasive cancers, including NSCLC, colorectal, breast, melanoma, and head and neck squamous cell carcinomas.[10](#cas14256-bib-0010){ref-type="ref"}, [11](#cas14256-bib-0011){ref-type="ref"}, [12](#cas14256-bib-0012){ref-type="ref"}, [13](#cas14256-bib-0013){ref-type="ref"}, [14](#cas14256-bib-0014){ref-type="ref"} As a newly defined mechanism providing oxygen and nutrients to tumor tissues, extensive VM has been identified as an important risk factor, indicating poor prognosis, low survival, and high invasiveness and metastasis in cancer patients.[15](#cas14256-bib-0015){ref-type="ref"} Formation of VM channels is related to a series of extracellular matrix remodeling factors, such as vascular endothelial cadherin (VE‐Cad), MMP, hypoxia inducible factor 1‐alpha (HIF‐1α), and vascular endothelial growth factor A (VEGFA).[16](#cas14256-bib-0016){ref-type="ref"}, [17](#cas14256-bib-0017){ref-type="ref"}

As an isomer of doxorubicin, epirubicin is an anthracycline anticancer drug, showing lower toxicity than doxorubicin. It has been widely used as a base for single or combination chemotherapy treatment for solid tumors, including NSCLC.[18](#cas14256-bib-0018){ref-type="ref"}, [19](#cas14256-bib-0019){ref-type="ref"}, [20](#cas14256-bib-0020){ref-type="ref"} However, free epirubicin shows poor tumor selectivity and hence can cause significant side‐effects, such as myelosuppression, cardiotoxicity, and allergic reactions.[21](#cas14256-bib-0021){ref-type="ref"} Emergence of novel drug carriers can compensate for these disadvantages of the free (without carrier) drugs. Liposomes, which have strong affinity to cell biofilms, are commonly used carriers for antitumor drugs and can act as new targeting vectors for free drugs.[22](#cas14256-bib-0022){ref-type="ref"}, [23](#cas14256-bib-0023){ref-type="ref"}

Dioscin (C~45~H~72~O~16~, 869.05 Da) is a natural product, isolated from medicinal plants such as *Dioscorea nipponica* and *Paridis*rhizome.[24](#cas14256-bib-0024){ref-type="ref"} Dioscin has attracted considerable attention because of its broad‐spectrum pharmacological functions, including anti‐inflammatory, antiviral, anti‐obesity and anti‐fungal activities.[25](#cas14256-bib-0025){ref-type="ref"}, [26](#cas14256-bib-0026){ref-type="ref"} Furthermore, the potential antitumor effects of dioscin have been confirmed in various cancer cells, including human lung cancer A549 cells, and human leukemia K562 and HL60 cells.[27](#cas14256-bib-0027){ref-type="ref"} Moreover, dioscin can inhibit transforming growth factor‐beta (TGF‐β)1‐induced migration and invasion of A549 lung cancer cells, as well as tumor growth and angiogenesis in colon cancer C26 cell‐derived tumor in mice.[28](#cas14256-bib-0028){ref-type="ref"}, [29](#cas14256-bib-0029){ref-type="ref"}

In recent years, cell penetrating peptides (CPPs) have been widely used as motifs for delivering drugs to tumors. CPPs are short peptides that can be anchored onto the surface of carriers (eg, liposomes) for efficiently delivering the carriers into tumor cells.[30](#cas14256-bib-0030){ref-type="ref"} CPPs were initially discovered when studying the short sequences of membrane‐interacting proteins known as protein transduction domains (PTD). These peptide sequences are cationic, hydrophobic, and/or amphipathic in nature.[31](#cas14256-bib-0031){ref-type="ref"}, [32](#cas14256-bib-0032){ref-type="ref"} RPV peptide (RGDPFVYLI) is a novel small‐molecule cell‐penetrating peptide that can enhance drug uptake in tumor cells.

The present study investigated the synergistic antitumor effects of RPV‐modified targeted liposomes incorporated with both epirubicin and dioscin. In the targeted liposomes, RPV was incorporated onto the liposomal surface to enhance cellular uptake. Dioscin was encapsulated inside the lipid bilayer and used as a regulator to inhibit tumor metastasis, neovascularization, and formation of VM channels. Epirubicin was loaded into the hydrophilic inner core of the liposomes as a cytotoxic drug. The aim of the present study was to develop novel targeted liposomes, and explore their antitumor effects on NSCLC, as well as to elucidate possible mechanisms of action (Figure [1](#cas14256-fig-0001){ref-type="fig"}).

![Schematic illustration of the strategy behind the use of RPV‐modified epirubicin and dioscin co‐delivery liposomes for non‐small cell lung cancer treatment. HIF‐1α, hypoxia‐inducible factor 1 alpha; VE‐Cad, vascular endothelial cadherin](CAS-111-621-g001){#cas14256-fig-0001}

2. MATERIALS AND METHODS {#cas14256-sec-0002}
========================

2.1. Cells and animals {#cas14256-sec-0003}
----------------------

Human NSCLC A549 cells were purchased from the Institute of Basic Medical Science, Chinese Academy of Medical Science. Cells were cultured in RPMI‐1640 culture medium supplemented with 10% FBS (EallBio), 100 U/mL penicillin and 100 µg/mL streptomycin at 37°C in humidified atmosphere of 5% CO~2~ in air. Male BALB/c nude mice, weighing 20 ± 2 g, were obtained from the Peking University Experimental Animal Center. Sprague‐Dawley (SD) rats were purchased from Liaoning Changsheng Biotechnology Co., Ltd. This research was approved by the Institutional Authority for Laboratory Animal Care of Peking University.

2.2. Synthesis of DSPE‐PEG~2000~‐RPV {#cas14256-sec-0004}
------------------------------------

The targeted molecule of 2‐distearoyl‐*sn*‐glycero‐3‐phosphoethanolamine‐*N*‐methoxy‐poly(ethylene glycol 2000)‐RPV (DSPE‐PEG~2000~‐RPV) was synthesized by binding DSPE‐PEG~2000~‐COOH and the RPV peptide, following a previously reported protocol.[33](#cas14256-bib-0033){ref-type="ref"} Briefly, DSPE‐PEG~2000~‐COOH and RPV peptide (1:1 molar ratio) were dissolved in anhydrous dimethylformamide. Reaction pH was adjusted to pH 9.0 with N‐methylmorpholine. The solution was stirred overnight at room temperature, and then dialyzed overnight using 3‐kDa molecular weight cutoff (MWCO) dialysis tubing to remove unbound material. Subsequently, the solution was lyophilized and stored at −20°C. The DSPE‐PEG~2000~‐RPV product was then characterized by MALDI/ionization time‐of‐flight mass spectrometry (MALDI‐TOF‐MS).

2.3. Preparation of liposomes {#cas14256-sec-0005}
-----------------------------

RPV‐modified epirubicin and dioscin co‐delivery liposomes were prepared using thin‐film hydration.[34](#cas14256-bib-0034){ref-type="ref"} Briefly, egg‐yolk phosphatidylcholine (EPC), cholesterol, DSPE‐PEG~2000~, DSPE‐PEG~2000~‐RPV, and dioscin were dissolved in methyl alcohol at a molar ratio of 100:30:3:2:7 in a pear‐shaped bottle, and dried by rotary evaporator at 37°C to obtain a thin film. The thin film was hydrated with 5 mL ammonium sulfate and sonicated in a water bath. The suspension was then sonicated in an ice bath with a probe sonicator for 10 minutes at 200 W. Subsequently, the samples were extruded three times through a polycarbonate membrane with 200 nm pores to obtain the RPV‐modified dioscin liposomes. These were transferred to a cellulose ester membrane (1.2‐1.4 kDa MWCO) for dialysis in triplicate with PBS. After dialysis, to prepare the RPV‐modified epirubicin and dioscin co‐delivery liposomes, epirubicin was encapsulated (EPC: epirubicin molar ratio of 100:7) in a water bath at 40°C with shaking for 20 min. In addition, epirubicin and dioscin co‐delivery liposomes, epirubicin liposomes, dioscin liposomes, and blank liposomes were also prepared by the same processes as above, adding DSPE‐PEG~2000~‐RPV, dioscin, or epirubicin. Liposomes loaded with 1,10‐dioctadecyl‐3,3,30,30‐tetramethylindotricarbocyanine (DiR) were also prepared by the same procedure, but the drug was replaced with a fluorescent probe (EPC: DiR, 200:1, w/w).

2.4. Characterization of liposomes {#cas14256-sec-0006}
----------------------------------

Particle size, polydispersity index, and zeta potential values of all liposome types were determined using dynamic light scattering in a Zetasizer Nano ZS90 instrument (Malvern Instruments). Liposome morphology was studied using transmission electron microscopy (TEM, JEM‐1200EX; JEOL) and atomic force microscopy (AFM, Cypher; Asylum Research Inc.). Liposome content of epirubicin and dioscin was measured using HPLC with an ultraviolet detector (LC‐2010AHT; Shimadzu). Unencapsulated drug was removed by elution using a Sephadex G‐50 column. Encapsulation efficiencies (EE) were calculated using the following equation: EE% = (W~encapsulated~/W~total~) × 100%, where W~encapsulated~ and W~total~ represent the amount of drugs in liposomes and the total amount of drugs, respectively.[35](#cas14256-bib-0035){ref-type="ref"}, [36](#cas14256-bib-0036){ref-type="ref"}

Additional materials and methods are described in Document [S1](#cas14256-sup-0006){ref-type="supplementary-material"}.

3. RESULTS {#cas14256-sec-0007}
==========

3.1. Characterization of the target molecule and liposomes {#cas14256-sec-0008}
----------------------------------------------------------

We characterized the target molecule using MALDI‐TOF‐MS, and the results are presented in Figure [2](#cas14256-fig-0002){ref-type="fig"}A,B. Average mass of DSPE‐PEG~2000~‐COOH and DSPE‐PEG~2000~‐RPV was 2716.70 (Figure [2](#cas14256-fig-0002){ref-type="fig"}A) and 3766.62 (Figure [2](#cas14256-fig-0002){ref-type="fig"}B), respectively. According to the MALDI‐TOF‐MS spectrum, the mass difference between the two molecules corresponded to the mass of the RPV peptide, confirming the successful synthesis of DSPE‐PEG~2000~‐RPV. Characteristics of RPV‐modified epirubicin and dioscin co‐delivery liposomes can be clearly observed in Figure [2](#cas14256-fig-0002){ref-type="fig"}C‐E. TEM (Figure [2](#cas14256-fig-0002){ref-type="fig"}C) and AFM (Figure [2](#cas14256-fig-0002){ref-type="fig"}D, [2](#cas14256-fig-0002){ref-type="fig"}) images show that RPV‐modified epirubicin and dioscin co‐delivery liposomes are spherical in shape, having a smooth surface, and a diameter of approximately 100 nm with a narrow polydispersity index (≤0.20). Physical properties such as particle size, polydispersity index (PDI), zeta potential, and encapsulation efficiency are presented in Table [1](#cas14256-tbl-0001){ref-type="table"}. Encapsulation efficiencies of epirubicin and dioscin were above 90% for all liposomes.

![Characterization of RPV‐modified epirubicin and dioscin co‐delivery liposomes. A, MALDI/ionization time‐of‐flight mass spectroscopy (MALDI‐TOF‐MS) spectrum of DSPE‐PEG~2000~‐COOH. B, MALDI‐TOF‐MS spectrum of DSPE‐PEG~2000~‐RPV. C, Transmission electron microscopy (TEM) image of RPV‐modified epirubicin and dioscin co‐delivery liposomes. Scale bar, 20 nm. D, Atomic force microscopy image of RPV‐modified epirubicin and dioscin co‐delivery liposomes. E, 3‐D reconstruction of (D)](CAS-111-621-g002){#cas14256-fig-0002}

###### 

Particle size, zeta potential and encapsulation efficiency of liposomes (n = 3)

  Liposome                                                    Size (nm)       PDI             Zeta (mV)      EE %           
  ----------------------------------------------------------- --------------- --------------- -------------- -------------- --------------
  Blank liposomes                                             91.45 ± 2.17    0.166 ± 0.002   −6.44 ± 0.67   ---            ---
  Dioscin liposomes                                           98.36 ± 1.79    0.174 ± 0.003   −5.73 ± 0.49   ---            94.14 ± 3.19
  Epirubicin liposomes                                        95.72 ± 1.88    0.185 ± 0.009   −7.12 ± 0.86   91.27 ± 2.59   ---
  Epirubicin and dioscin co‐delivery liposomes                112.39 ± 3.03   0.177 ± 0.011   −5.91 ± 0.25   93.44 ± 3.15   91.27 ± 4.16
  RPV‐modified epirubicin and dioscin co‐delivery liposomes   124.25 ± 2.46   0.183 ± 0.023   −6.38 ± 0.53   93.30 ± 2.88   92.48 ± 3.74

\"--\" Means the liposome does not need to evaluate this data.

John Wiley & Sons, Ltd

3.2. Cellular uptake and targeted effects in vitro {#cas14256-sec-0009}
--------------------------------------------------

Results of qualitative and quantitative analyses of A549 cell uptake of RPV‐modified epirubicin and dioscin co‐delivery liposomes are shown in Figure [3](#cas14256-fig-0003){ref-type="fig"}. Quantitative evaluation by flow cytometry showed that the order of fluorescence intensity was in the following sequence: free epirubicin \>RPV‐modified epirubicin and dioscin co‐delivery liposomes \>epirubicin and dioscin co‐delivery liposomes ≥epirubicin liposomes (Figure [3](#cas14256-fig-0003){ref-type="fig"}A,B). Results indicate that the addition of RPV peptide can significantly increase the uptake of drugs by A549 cells. As shown in Figure [3](#cas14256-fig-0003){ref-type="fig"}C,D, cellular uptake of RPV‐modified epirubicin and dioscin co‐delivery liposomes progressively increased over time. We also observed intracellular targeting effects by fluorescence epirubicin‐specific staining. As can be noted in Figure [3](#cas14256-fig-0003){ref-type="fig"}E, the intracellular fluorescence intensity of RPV‐modified epirubicin and dioscin co‐delivery liposomes was higher than that of other liposomes. Furthermore, the highest uptake was found to be of free epirubicin as a result of direct contact between drug molecules and cell membranes, and their diffusion into cells. In order to more clearly observe liposome localization in cells, laser scanning confocal microscopy was used. A strong fluorescence signal was observed in the cellular membrane and the nuclei of A549 cells after incubation with RPV‐modified epirubicin and dioscin co‐delivery liposomes.

![Cellular uptake and distribution after incubation with various liposomal formulations. A, Cellular uptake in A549 cells treated with the various liposomal formulations or free epirubicin. B, Quantitative analysis of fluorescence intensity. 1. Free epirubicin; 2. epirubicin liposomes; 3. epirubicin and dioscin co‐delivery liposomes; 4. RPV‐modified epirubicin and dioscin co‐delivery liposomes. Data are presented as mean ± SD (n = 3). Comparison of a vs 1, b vs 2, and c vs 3. Significance level was set at *P* \< .05. C, Cellular uptake in A549 cells treated with RPV‐modified epirubicin and dioscin co‐delivery liposomes at different time points. D, Quantitative analysis of fluorescence intensity; Data are presented as mean ± SD (n = 3). Comparison of I vs 0.5 h, II vs 1 h, and III vs 1.5 h. Significance level was set at *P* \< .05. E, Cellular uptake and accumulation of liposomes in the nuclei of A549 cells incubated with the various formulations. Assessment was done by confocal fluorescence microscopy. Scale bar, 25 μm (n = 3)](CAS-111-621-g003){#cas14256-fig-0003}

3.3. Cytotoxic effects {#cas14256-sec-0010}
----------------------

Cytotoxic effects of the free drugs on A549 cells are shown in Figure [4](#cas14256-fig-0004){ref-type="fig"}A. Results show that at concentrations of up to 5 μmol/L, dioscin had little cytotoxicity against A549 cells. However, free epirubicin showed significant cytotoxicity in a dose‐dependent method. Moreover, the cytotoxic effect of free epirubicin was further enhanced by the addition of different concentrations of dioscin (molar ratios of 1:1, 1:2, and 2:1). At a 1:1 molar ratio between the drugs, IC~50~ value was 1.24 ± 0.23 μmol/L, considerably lower than that of free epirubicin (2.02 ± 0.23 μmol/L). Cytotoxic effects of liposomal formulations on A549 cells are presented in Figure [4](#cas14256-fig-0004){ref-type="fig"}B. Results show that blank liposomes had negligible cytotoxic effect, and dioscin liposomes showed little cytotoxicity within the range of 0‐10 μmol/L. Among all liposomes, RPV‐modified epirubicin and dioscin co‐delivery liposomes showed the strongest cytotoxicity. IC~50~ values for epirubicin liposomes, epirubicin and dioscin co‐delivery liposomes, and RPV‐modified epirubicin and dioscin co‐delivery liposomes were 2.32 ± 0.07, 1.96 ± 0.18, and 1.06 ± 0.08 μmol/L, respectively.

![Inhibitory effects on A549 cells after treatment with various liposomal formulations. A, Inhibitory effects of free drugs. I vs free epirubicin, II vs free dioscin, III vs free epirubicin plus dioscin (molar ratio of 1:2). B, Inhibitory effects of liposomal formulations. Comparison of a vs blank liposomes, b vs dioscin liposomes, c vs epirubicin liposomes, d vs epirubicin and dioscin co‐delivery liposomes. Data are presented as mean ± SD (n = 6). A1 is inhibitory effects of free drugs; A2 is statistical analysis of IC50 value of free drugs; B1 is inhibitory effects of liposomal formulations; B2 is statistical analysis of IC50 value of liposomal formulations. Significance level set at *P* \< .05](CAS-111-621-g004){#cas14256-fig-0004}

3.4. Inhibition of VM formation in vitro {#cas14256-sec-0011}
----------------------------------------

As shown in Figure [5](#cas14256-fig-0005){ref-type="fig"}A, vascular‐like structures were observed near A549 cells on the matrix gel when treated with blank liposomes control. However, a significant decrease in tube formation was observed when the A549 cells were incubated with dioscin‐loaded liposomal formulations, where RPV‐modified epirubicin and dioscin co‐delivery liposomes showed the strongest inhibitory effect. Epirubicin liposomes also showed a slight damaging effect on VM channels. Furthermore, expression of VM‐related proteins, including VE‐Cad, HIF‐1α, MMP‐2, and MMP‐9 was detected by western blot (Figure [5](#cas14256-fig-0005){ref-type="fig"}B‐F). Expressions of all of these proteins decreased following treatment of the cells with various liposomal formulations, with RPV‐modified epirubicin and dioscin co‐delivery liposomes showing the strongest downregulation effect.

![Inhibitory effects on vasculogenic mimicry (VM) channel formation and angiogenesis after treatment with various liposomal formulations. A, Inhibition of VM channel formation. Scale bar, 50 μm. B, Representative bands of the proteins MMP‐2, MMP‐9, hypoxia‐inducible factor 1 alpha (HIF‐1α), vascular endothelial cadherin (VE‐Cad) and vascular endothelial growth factor A (VEGFA) in 1. blank liposomes; 2. dioscin liposomes; 3. epirubicin liposomes; 4. epirubicin and dioscin co‐delivery liposomes; 5. RPV‐modified epirubicin and dioscin co‐delivery liposomes. (C‐F,H) Semiquantitative analysis of MMP‐2 (C), MMP‐9 (D), HIF‐1α (E), VE‐Cad (F) and VEGFA (H). Protein expression was assessed by densitometry in A549 cells after treatment with the various liposomal formulations. Data are presented as mean ± SD (n = 6); (G) Inhibition of angiogenesis on chorioallantoic membrane (CAM). Scale bar, 5 mm. Comparison of a vs 1, b vs 2, c vs 3, d vs 4. Significance level was set at *P* \< .05](CAS-111-621-g005){#cas14256-fig-0005}

3.5. Inhibition of angiogenesis {#cas14256-sec-0012}
-------------------------------

Chorioallantoic membrane (CAM) assay was used to evaluate the effect of the various liposomal formulations on angiogenesis (Figure [5](#cas14256-fig-0005){ref-type="fig"}G). As expected, blood vessels grew vigorously and density of new vessels increased when the membrane was incubated with culture medium. In contrast, density of new vessels decreased after treatment with the various drug formulations, with RPV‐modified epirubicin and dioscin co‐delivery liposomes showing the strongest inhibitory effect on CAM angiogenesis. VEGFA, an important mediator of angiogenesis during tumor development, is a member of the VEGF family.[37](#cas14256-bib-0037){ref-type="ref"} Western blot analysis showed that VEGFA protein expression levels significantly decreased in CAM treated with epirubicin and dioscin co‐delivery liposomes and RPV‐modified epirubicin and dioscin co‐delivery liposomes (Figure [5](#cas14256-fig-0005){ref-type="fig"}B,H).

3.6. Inhibition of tumor cell invasion and migration {#cas14256-sec-0013}
----------------------------------------------------

Effect of the various liposomal formulations on wound healing was studied (Figure [6](#cas14256-fig-0006){ref-type="fig"}A). When compared to the blank control, all drug‐loaded liposomal formulations inhibited the repair of scratch wounds. Quantitative evaluation, using ImageJ software, showed that wound‐healing inhibitory effect was in the following order: RPV‐modified epirubicin and dioscin co‐delivery liposomes \>epirubicin and dioscin co‐delivery liposomes \>dioscin liposomes \>epirubicin liposomes \>blank control (Figure [6](#cas14256-fig-0006){ref-type="fig"}B). Transwell invasion assay was used to assess the effect of the various liposomal formulations on A549 cell migration. Results showed that dioscin‐loaded liposomes caused a notable decrease in the number of invasive cells (Figure [6](#cas14256-fig-0006){ref-type="fig"}C). Among all liposomal formulations, RPV‐modified epirubicin and dioscin co‐delivery liposomes showed the strongest invasive and migratory inhibitory effect on A549 cells, with a relative migration rate of 14.91 ± 5.02% (Figure [6](#cas14256-fig-0006){ref-type="fig"}D), confirming our previous findings that dioscin plays a key role in inhibiting A549 cell invasion and migration.[33](#cas14256-bib-0033){ref-type="ref"}

![Inhibitory effects on invasion and migration of A549 cells after treatment with various liposomal formulations. A, Representative images of the extent of wound healing 12 h and 24 h after treatment with the various liposomal formulations. Scale bar, 50 μm. B, Quantitative analysis of wound healing rate in A549 cells after treatment with the various liposomal formulations. Data are presented as mean ± SD. C, Representative images of inhibition exerted on the ability of A549 cells to invade after treatment with the various liposomal formulations for 24 h. Scale bar, 50 μm. D, Semiquantitative analysis of relative invasion rate of A549 cells after treatment with the various liposomal formulations. Data are presented as mean ± SD (n = 6). Comparison of 1 vs blank control, 2 vs dioscin liposomes, 3 vs epirubicin liposomes, 4 vs epirubicin and dioscin co‐delivery liposomes. Significance level was set at *P* \< .05](CAS-111-621-g006){#cas14256-fig-0006}

3.7. Pharmacokinetics and biodistribution of epirubicin {#cas14256-sec-0014}
-------------------------------------------------------

Plasma concentration‐time curves of epirubicin after treatment with the various liposomal formulations are shown in Figure [S1](#cas14256-sup-0001){ref-type="supplementary-material"}. Results show that clearance of epirubicin from the blood circulation is rapid, and that free epirubicin was eliminated within 9 hours after administration. In contrast, after treatment with the liposomal formulations, plasma concentration of epirubicin decreased slowly and remained at a higher concentration in the terminal phase. Pharmacokinetic parameters in vivo after giving the various liposomal formulations are presented in Table [S1](#cas14256-sup-0004){ref-type="supplementary-material"}. Compared with free epirubicin, significantly prolonged elimination half‐life (t~1/2~), decreased clearance rate (CL) and increased area under the curve (AUC~0‐24 h~) were observed following administration of various liposomal formulations. No significant differences were observed in plasma concentration of epirubicin or in the pharmacokinetic parameters among the various liposomal drug formulations.

Biodistribution details of the various formulations are presented in Figure [S2](#cas14256-sup-0002){ref-type="supplementary-material"}. We found that the concentration of RPV‐modified epirubicin‐targeted liposomes was lower in the liver, spleen and kidneys, and higher in tumor tissue, when compared to epirubicin conventional liposomes and free epirubicin. Epirubicin concentration in tumor cells 6 hours after injection of RPV‐modified epirubicin liposomes or RPV‐modified epirubicin and dioscin co‐delivery liposomes was, respectively, 75.92‐ and 77.69‐fold higher than that for free epirubicin, 4.16‐ and 4.26‐fold higher than that for epirubicin liposomes, and 4.52‐ and 4.63‐fold higher than that for epirubicin and dioscin co‐delivery liposomes.

3.8. Fluorescence imaging in vivo {#cas14256-sec-0015}
---------------------------------

Representative images of tumor‐bearing nude mice after giving the various formulations are presented in Figure [7](#cas14256-fig-0007){ref-type="fig"}. Results show that free DiR was mainly distributed in the liver for the duration of the experiment, and slight fluorescence signal was detected in tumor tissues. In contrast, strong fluorescence signals were observed in the tumor site after giving both DiR and RPV‐modified DiR liposomes. Strong fluorescence signals in the RPV‐modified treatment group were maintained for up to 48 hours. The elevated accumulation can be ascribed to the enhanced permeability and retention (EPR) effect and the interaction of RPV with tumor cells.

![Real‐time in vivo images after giving i.v. various liposomal formulations to tumor‐bearing mice. Black dashed circles represent the location of tumor cell xenograft sites](CAS-111-621-g007){#cas14256-fig-0007}

3.9. Antitumor efficacy in tumor‐bearing mice {#cas14256-sec-0016}
---------------------------------------------

To assess the antitumor effects of the various formulations in vivo, changes in body weight, relative tumor inhibiting rate, and tumor cell apoptosis were evaluated in treated tumor‐bearing mice. As indicated in Figure [8](#cas14256-fig-0008){ref-type="fig"}A, no significant decrease in body weight of treatment groups was found when compared to the control group. All drug‐treated groups showed different degrees of inhibition on tumor growth in comparison to the control group, with RPV‐modified epirubicin and dioscin co‐delivery liposomes showing the strongest tumor growth‐inhibitory effect (Figure [8](#cas14256-fig-0008){ref-type="fig"}B). Morphological assessment by H&E staining indicated that RPV‐modified epirubicin and dioscin co‐delivery liposomes significantly disrupted the structure of tumor tissues and caused necrosis of tumor cells. Moreover, to detect apoptotic cells in tumor tissues, a TUNEL assay was carried out. As shown in Figure [8](#cas14256-fig-0008){ref-type="fig"}C, number of apoptotic cells in the liposomal treatment groups was significantly higher than that in the free drug groups. RPV‐modified epirubicin and dioscin co‐delivery liposomes induced the largest number of apoptotic cells, indicating that it has the strongest inhibitory effect on tumor cell growth. Administration of the RPV‐modified epirubicin and dioscin co‐delivery liposomes resulted in hematological parameters similar to the saline‐treated group (Table [S2](#cas14256-sup-0005){ref-type="supplementary-material"}). Histopathological analysis was done to examine the damage to major organs in the treated mice (Figure [S3](#cas14256-sup-0003){ref-type="supplementary-material"}). No obvious organ damage was observed after giving the various formulations at the therapeutic dose used, indicating that the RPV‐modified liposomes are safe and non‐toxic.

![Antitumor efficacy in tumor‐bearing mice after treatment with various liposomal formulations. A, Body weight alterations through the treatment process. B, Tumor volume changes during the treatment process. C, Representative images of pathological changes in tumor tissue by H&E staining. D, Representative images of apoptosis of tumor cells detected by TUNEL assay. Scale bar, 50 μm. E, Quantitative analysis of apoptotic index. 1. Blank control; 2. free epirubicin; 3. free epirubicin plus dioscin; 4. epirubicin liposomes; 5. epirubicin and dioscin co‐delivery liposomes; 6. RPV‐modified epirubicin and dioscin co‐delivery liposomes. Data are presented as mean ± SD (n = 8). Comparison of a vs 1, b vs 2, c vs 3, d vs 4, e vs 5. Significance level was set at *P* \< .05](CAS-111-621-g008){#cas14256-fig-0008}

3.10. Inhibition of VM formation in vivo {#cas14256-sec-0017}
----------------------------------------

To assess the effect of treatment on VM formation, tumors were stained with CD31/PAS double staining. Results showed VM structures with negative CD31 and positive PAS staining in tumors from the blank control group. Different degrees of VM structural damage and decreased VM quantity were observed in the various drug treatment groups. VM channels were small and thin after treatment with RPV‐modified epirubicin and dioscin co‐delivery liposomes, suggesting that the drug has a certain inhibitory effect on VM formation. Furthermore, key proteins of VM formation, including MMP‐2, MMP‐9, VEGFA, HIF‐1α, and VE‐Cad, could all be detected by immunofluorescence staining.[38](#cas14256-bib-0038){ref-type="ref"} As shown in Figure [9](#cas14256-fig-0009){ref-type="fig"}B, blank control group showed the strongest fluorescence intensity. The relative fluorescence intensity of VM‐related proteins decreased after treatment with the various formulations. A semiquantitative evaluation by ImageJ software analysis showed that the relative fluorescence intensity rankings were: free epirubicin \>free epirubicin plus dioscin \>epirubicin liposomes \>epirubicin and dioscin co‐delivery liposomes \>RPV‐modified epirubicin and dioscin co‐delivery liposomes. Clearly, RPV‐modified epirubicin and dioscin co‐delivery liposomes showed the strongest downregulation effect on VM‐related proteins in tumor‐bearing nude mice.

![Inhibitory effects on vasculogenic mimicry (VM) channel formation and angiogenesis in tumor‐bearing mice after treatment with various liposomal formulations. A, Representative images of VM channel formation in tumor tissue by CD31/PAS staining. Scale bar, 50 μm. B, Expression of MMP‐2, MMP‐9, vascular endothelial growth factor A (VEGFA), hypoxia‐inducible factor 1 alpha (HIF‐1α) and vascular endothelial cadherin (VE‐Cad) detected by immunohistochemistry in tumor tissues. Scale bar, 50 μm. C, Quantitative analysis of the number of VM channels. (D‐H) Semiquantitative analysis of MMP‐2 (D), MMP‐9 (E), VEGFA (F), HIF‐1α (G) and VE‐Cad (H) by relative fluorescence intensity in tumor tissues. Data are presented as mean ± SD (n = 8). 1. Blank control; 2. free epirubicin; 3. free epirubicin plus dioscin; 4. epirubicin liposomes; 5. epirubicin and dioscin co‐delivery liposomes; 6. RPV‐modified epirubicin and dioscin co‐delivery liposomes. Comparison of a vs 1, b vs 2, c vs 3, d vs 4, e vs 5. Significance level was set at *P* \< .05](CAS-111-621-g009){#cas14256-fig-0009}

4. DISCUSSION {#cas14256-sec-0018}
=============

Currently, surgery and chemotherapy are still the main treatment strategies for patients with NSCLC. Unfortunately, treatment outcome is usually unsatisfactory as a result of tumor metastasis and recurrence, as well as the severe systemic toxicity caused by the poorly targeted chemotherapeutic drugs.[39](#cas14256-bib-0039){ref-type="ref"}, [40](#cas14256-bib-0040){ref-type="ref"} New drug‐delivery strategies to improve treatment efficacy for NSCLC are therefore highly desirable. It is well known that nanoparticles, ranging in size between 20 and 200 nm, can easily penetrate into tumors and extend circulation time of their load.[41](#cas14256-bib-0041){ref-type="ref"} Previous studies have shown that the dioscin suppresses growth of laryngeal cancer cells by inducing cell‐cycle arrest and MAPK‐mediated mitochondrial‐derived apoptosis, and inhibiting tumor invasion and migration.[42](#cas14256-bib-0042){ref-type="ref"}, [43](#cas14256-bib-0043){ref-type="ref"}, [44](#cas14256-bib-0044){ref-type="ref"} Furthermore, dioscin can inhibit the migration and invasion of A549 lung cancer cells by inhibiting TGF‐β1 induction of epithelial‐mesenchymal transition (EMT). Hence, to improve treatment of NSCLC, we developed RPV‐modified epirubicin and dioscin co‐delivery liposomes that showed increased active tumor targeting and inhibited tumor metastasis.

RPV is a novel small‐molecule cell‐penetrating peptide. In the present study, a DSPE‐PEG~2000~‐RPV conjugate was successfully synthesized by acylation reaction as confirmed through MALDI‐TOF‐MS spectrum analysis (Figure [2](#cas14256-fig-0002){ref-type="fig"}A,B). The chemical and physical properties of the conjugate, including particle size, PDI, zeta potential values, and encapsulation efficiencies are important factors that determine its pharmacokinetics and biodistribution. Compared with the control liposomes, RPV‐modified epirubicin and dioscin co‐delivery liposomes were slightly larger in size as a result of the conjugation of DSPE‐PEG~2000~‐RPV on the surface of the liposomes. Particle size of the targeted liposomes was approximately 100 nm, with a narrow PDI, which helped to enhance its accumulation in tumor tissue as a result of the EPR effect. The zeta potential values of all liposomal formulations were slightly negative due to the addition of DSPE‐PEG~2000~ (Table [1](#cas14256-tbl-0001){ref-type="table"}).

The therapeutic effect of drug‐loaded liposomes is strongly influenced by drug accumulation inside tumor cells. Hence, cellular uptake is a critical factor for liposomal drug delivery systems.[45](#cas14256-bib-0045){ref-type="ref"}, [46](#cas14256-bib-0046){ref-type="ref"} Using flow cytometry and fluorescence microscopy, we showed that the fluorescence intensity of RPV‐modified epirubicin and dioscin co‐delivery liposomes was stronger than that of other liposomes, indicating that A549 cellular uptake of these liposomes was improved after being modified with RPV (Figure [3](#cas14256-fig-0003){ref-type="fig"}A‐E). The increased cellular uptake in A549 cells could be explained by the interaction of the RPV peptide with the cellular membrane of tumor cells, facilitating increased delivery of the drugs into these cells. However, the highest uptake was found when free epirubicin was given. This might be due to diffusion of drug molecules through cellular membranes into the cells. When drug formulations were encapsulated in the liposomes, there was no direct drug‐cell contact. Furthermore, particle size of liposomes was approximately 100 nm, much larger than the size of the free drugs. This explained why the fluorescence intensity following their cellular uptake was weaker than that of free epirubicin.

CPPs depend on electrostatic interactions between positively charged sequences of amino acids (mainly basic amino acid residues rich in arginine and lysine) and negatively charged glycoproteins on the cell surface in physiological pH environments. The taurine group of arginine can form a hydrogen bond with the negatively charged phosphate and sulfuric acid groups on the surface of the cell membrane. Such bonding promotes cellular internalization, presumably the driving force behind penetration through the cellular membrane.[47](#cas14256-bib-0047){ref-type="ref"} Herein, the intracellular distribution of targeting liposomes was observed by confocal laser scanning fluorescence microscopy. Red fluorescence signals on the surface of the cells suggested that the targeted epirubicin liposomes bind to the cellular membrane of tumor cells and are then transported into the cell and the nucleus. In contrast, epirubicin liposomes devoid of the RPV peptide showed weak ability to attach and cross cellular membranes. As expected, free epirubicin was diffusely distributed within the A549 cells.

The next challenge was to establish the link between good internalization mediated by RPV and subsequent cytotoxic effects on A549 cells. For this purpose, cell cytotoxicity assay was carried out.[48](#cas14256-bib-0048){ref-type="ref"} Results indicated a synergetic cytotoxicity effect between epirubicin and dioscin, with dioscin alone showing a negligible effect on survival rate of A549 cells. We found that RPV‐modified epirubicin and dioscin co‐delivery liposomes had a significant inhibitory effect on the proliferation of A549 cells when compared with conventional liposomal formulation. An overall reduction in epirubicin IC~50~ to 1.06 μmol/L was recorded. This further suggests that RPV modification and the existence of dioscin could increase active targeting and cytotoxicity of epirubicin‐loaded liposomes on A549 cells.

Vasculogenic mimicry was discovered in invasive human melanoma by Maniotis and colleagues in 1999.[49](#cas14256-bib-0049){ref-type="ref"} These researchers showed that VM is a special vascular structure in malignant tumors composed of highly invasive tumor cells. In the past decade, it was found that VM occurred in a variety of solid tumors, including NSCLC and hepatocellular carcinoma.[10](#cas14256-bib-0010){ref-type="ref"}, [50](#cas14256-bib-0050){ref-type="ref"} The presence of such pathological pseudo blood vessels in tumor tissue indicates poor patient prognosis. Studies have reported that the expression of HIF‐1α was associated with VM channels, as well as with the growth and potential proliferation of tumor cells.[51](#cas14256-bib-0051){ref-type="ref"} When oxygen supply is far less than the demand, tumor cells enter an anoxic state and then form VM channels. While in the hypoxic state, the enhanced HIF‐1α induces the expression of VE‐Cad, which mainly mediates cell‐to‐cell adhesion. HIF‐1α also activates MMP and remodels the cellular matrix. The activated MMP degrade the extracellular matrix, cleave laminin into multiple short chains, and facilitate the formation of VM channels.[16](#cas14256-bib-0016){ref-type="ref"}, [52](#cas14256-bib-0052){ref-type="ref"} In the present study, results showed that treatment with RPV‐modified epirubicin and dioscin co‐delivery liposomes severely disrupted the formation of VM channels in Matrigel, and significantly inhibited the expression of HIF‐1α, VE‐cadherin, MMP‐2, and MMP‐9 proteins. These results indicate that RPV‐modified epirubicin and dioscin co‐delivery liposomes could be used to limit tumor VM formation.

Tumor angiogenesis is a complex process comprising basement membrane degradation, endothelial cell proliferation and aggregation, and new tube formation.[53](#cas14256-bib-0053){ref-type="ref"} In cancer, angiogenesis involves interaction between tumor cells, endothelial cells, and mesenchymal cells, which is orchestrated by growth factors or cytokines and their corresponding receptors. Among them, VEGFA plays a key role in the process of angiogenesis.[54](#cas14256-bib-0054){ref-type="ref"} Recent studies have shown that a variety of cancer cells can upregulate the expression of VEGFA, thereby promoting tumor‐induced angiogenesis.[55](#cas14256-bib-0055){ref-type="ref"} With this in mind, we used the CAM assay to test the anti‐angiogenic effect of liposomal formulations. This was further elaborated by evaluating VEGFA protein expression using western blot. As expected, we found that dioscin‐loaded liposomes inhibited neovascularization and expression of VEGFA protein. Among the liposomal preparations, RPV‐modified epirubicin and dioscin co‐delivery liposomes showed the most obvious angiogenesis inhibitory effect.

It is necessary to investigate whether drug‐loaded liposomes can inhibit lung cancer cell invasion and migration. In this study, a wound‐healing assay was used to evaluate the inhibitory effect of the treatment on the invasiveness of A549 cells in vitro. Strong inhibition was observed after treatment with dioscin‐loaded liposomes, suggesting that the addition of dioscin could significantly inhibit the invasiveness of A549 cells. We then used the Transwell migration assay to assess the ability of liposomal formulations to inhibit migration of A549 cells. Treatment with RPV‐modified epirubicin and dioscin co‐delivery liposomes resulted in the lowest number of penetrated cells, which further confirms that dioscin plays a key role in inhibiting A549 cell metastasis.

The plasma concentration‐time curve of free epirubicin was compared with that of the liposomal formulations. Extended blood circulatory effects were achieved after PEGylation on the liposomal surface through avoidance of rapid uptake by the reticuloendothelial system (RES). Initially, the concentration of free epirubicin was significantly lower than that of the liposomal formulations. This can be explained by the rapid distribution of free epirubicin in the liver after administration via the tail vein. Furthermore, epirubicin liposomes showed better tumor‐targeting ability, as indicated by drug accumulation in the tumors. To obtain real‐time fluorescence images of drug‐loaded liposomes in tumor‐bearing mice, fluorescence DiR dye was encapsulated into the liposomal formulations. Imaging of tumor‐bearing mice can indirectly reflect cycle time of the targeted molecule in vivo. More importantly, distribution of the various formulations at the same predetermined time points can be compared. Results show that drug‐loaded liposomes had extended stability in blood circulation, arising from the addition of DSPE‐PEG~2000~. RPV‐modified DiR liposomes showed obvious accumulation in tumor sites, and the increased accumulation could be ascribed to the enhanced permeability and retention effects endowed by binding RPV to the surface of the liposomes. Consistent with the results on biodistribution analysis, RPV‐modified DiR liposomes gained the potential to actively target NSCLC.

The inhibitory effect of various formulations on VM channels was also examined in vivo. Vasculogenic mimicry formation was detected in paraffin sections of tumor tissue by using CD31/PAS double staining. Tumor cells that had formed VM channels were negative for CD31, whereas endothelium‐dependent blood vessels were positive for both CD31 and PAS.[56](#cas14256-bib-0056){ref-type="ref"}, [57](#cas14256-bib-0057){ref-type="ref"} Our results showed that RPV‐modified epirubicin and dioscin co‐delivery liposomes clearly inhibited VM formation in vivo. In support of this finding, we also detected strong in vivo downregulation of VM‐related protein expression, including that of MMP‐2, MMP‐9, VEGFA, HIF‐1α and VE‐cadherin when tumor‐bearing nude mice were treated with RPV‐modified epirubicin and dioscin co‐delivery liposomes.

In conclusion, we have shown that RPV‐modified epirubicin and dioscin co‐delivery liposomes could enhance antitumor efficacy in vitro and in vivo. This enhancement could be attributed to the following factors: (i) addition of hydrophilic materials prolonged circulation in the blood by slowing uptake through the reticuloendothelial system; (ii) binding of RPV on the liposomal surface enabled penetration through biological barriers and increased uptake of the drugs into A549 cells; (iii) incorporation of dioscin augmented overall antitumor efficacy by inhibiting tumor angiogenesis, VM channel formation, migration and invasion. We believe that RPV‐modified epirubicin and dioscin co‐delivery liposomes could be a promising approach to the treatment of NSCLC.
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